Abstract. This paper deals with the Delayed-Detached-Eddy-Simulations (DES) of a generic 2.4 MW wind turbine in a complex terrain site facing a turbulent atmospheric boundary layer. The boundary layer is generated based on measurement data derived at the complex terrain site. Further, the process of data preparation as well as the numerical setup are described. In the results the impact of complex terrain on the flow field is shown and estimations on the influence on the turbine performance are made. Afterwards, simulations of the turbine facing atmospheric inflow in flat and complex terrain are presented. An increase of loads resulting from a speed-up caused by the terrain as well as a clear change in the power spectrum of the turbine become visible in complex terrain compared to flat terrain. This finding is in agreement with the estimations derived previously. Moreover, the impact of inclined inflow caused by the local terrain slope can be seen in the load distribution vs. the azimuth angle, amongst others.
Investigations into the Interaction of a Wind Turbine with Atmospheric Turbulence in Complex Terrain
To 
Introduction
One important aspect in wind turbine planning processes is the correct prediction of power output and turbine life time. For this purpose, it is necessary to predict the flow conditions and the turbine performance at the designated site correctly. One of the best ways to do so is installing a met mast and performing long term measurements. However, this is, for various reasons, not applicable for all sites that are taken into consideration during the planning process. Therefore, usually simpler prediction tools are used [1] . For flat terrain those tools in work general well. Nonetheless, they reach their limits coming to complex flow situations as occurring in complex terrain sites. Simple corrections applied for forested or hilly terrain are often unable to capture the real flow behaviour and its impacts on the turbine. The consequences are for instance planning mistakes and financial loss as described by Schulz et al. [2] based on the data obtained. One solution to improve these predictions is the use of numerical simulations able to capture the basic terrain features as well as the turbulent characteristics of the atmospheric boundary layer [3, 4] . One advantage of those simulations is the possibility to include a wind turbine in it and to capture the interaction between atmosphere, terrain and turbine directly without the use of too much simplified models [1, 2, 5] . Depending on the origin of the code used, a different focus is applied. Numerical weather prediction (NWP) tools like WRF look at a larger scales and simulation areas. These programmes are able to account for most of the meteorological effects occurring. In contrast, wind turbines are often neglected or their effects considered using actuator disk approaches. These tools are often used for site assessment purposes. Mirocha et al. [6] used WRF to investigate the turbine atmosphere interaction of a turbine in Colorado. Guo & Xiao [7] simulated a region in China and developed an algorithm using artificial intelligence to predict wind park power generation. Further modelling approaches using NWP can be found e.g. in the work of Zhang et al. [8] . Looking at smaller scales, usually meteorological effects are more simplified considered. Politis et al. [9] investigated the wake development in complex terrain. The conclusion drawn was; it is not possible to just add up wake effects and terrain effects to get information about the wake of a turbine in terrain. There are a couple of more studies on complex terrain using the various approaches. Not all of them and all of the codes used can be mentioned here. A good comparison of different codes was done by Rodrigo et al. [10] for a complex terrain site in Spain. Within the study presented, smaller scales shall be considered and the whole turbine be meshed in order to avoid too much modelling on this side. Meteorological effects are neglected at several points of the investigation. First of all, the process of inflow data generation, the automation of complex terrain meshing and the integration of a fully meshed turbine will be described briefly. Afterwards, simulation results of the terrain without the turbine will be shown to investigate the terrain turbulence interaction. Based on these data, estimations are made for the later turbine performance in the given surroundings. Later on, the simulations of the turbine are presented and the estimations compared to results obtained. Finally, the results of the turbine sited in the terrain will be evaluated regarding loads and power, amongst others. Some of the key influences on turbine performance and wake propagation are the speed-up at the escarpment of the test site, its impact on turbulence intensity and the change of inflow angles resulting from the terrain [5, 11, 12] .
Stötten Test Site
In these studies a test site in southern Germany, close to the village of Stötten in BadenWürttemberg, is considered. One of the prominent features of the site is a steep forested escarpment at the west side of a flat plateau (Figure 1 ). In total the escarpments is characterised by change in altitude of about 235 m. Another feature of the site is the flat un-forested plateau which follows the escarpment looking from West to East. At a met mast positioned at the GPS-coordinates N48 ○ 39 ′ 49 ′′ E9 ○ 50 ′ 49 ′′ the mean wind direction has been determined to be about 295 ○ . In the subsequently used coordinate system the x-axis has been aligned to fit this mean wind direction. As origin of the system the met mast is defined and the height above sea level as taken as z-coordinate. 
Numerical Setup

Flow Solver
For all simulations presented the flow solver FLOWer was used. It is a compressible finitevolume flow solver developed within the MEGAFLOW project [13] . It uses block-structured grids and features a wide range of turbulence models [13] . In addition, it can handle rotating structures and the user can apply the over-set grid technique (chimera) [14] to embed separately meshed components into one computational grid in the simulation. With these features, a high meshing flexibility is given and each component mesh can be optimised independently. All simulations were executed as Detached Eddy Simulations with a Spalart-Allmaras turbulence model with Edwards modification [15] . For each simulation, a number of 40 inner iterations per time step was chosen with a dual-time stepping method for temporal discretisation according to Jameson [16] . The physical time step was chosen to be equivalent to an azimuthal movement of the blades of 2 ○ and about 0.2 s. The calculation of the convective fluxes is done by applying a fifth order WENO (Weighted Essentially Non-Oscillatory) scheme in all regions [17, 18] of interest and a second order Jameson-Schmidt-Turkel method [19] in regions of minor interest. The simulations were performed fully turbulent neglecting boundary layer transition. In preinvestigations on the numerical and grid setup the previous choices showed good results [2] .
Meshs
The background mesh for the terrain was generated using a massive parallelised script creating a Cartesian hanging grid node mesh in a first step. This approach helps to save computational resources and is similar to nesting approaches in other flow solvers. In the second step, the script deforms the mesh based on the terrain surface defined. Further away from the surface, the deformation fades out and cubic cells are created. For the flat terrain meshes the second step was not performed. The advantage of the hanging grid node approach is the equal cell sizes of 1 m in the area of interest in the middle of the domain upstream and downstream the turbine. This resolution is kept constant over the whole x-axis in flow direction. 300 m above the ground and away from the x-axis in y-direction the mesh starts to coarsen, still maintaining the general flow features but not the turbulent statistics. For the background mesh, spanning about 2500 m×2500 m×1000 m, about 150 million cells are needed. In this mesh the turbine is included using the over-set grid approach. Figure 3 shows a sketch of the background grid for which the hanging grid node approach was used and the position of the turbine highlighted by a red circle. Within the background mesh the single turbine mesh components are embedded which will briefly be described subsequently. Following the over-set grid approach, the turbine was divided in different geometrical parts. Overall, four different meshes were used in addition to the background mesh. Table 1 gives an overview of the meshes, whereas Figure 3 illustrates the setup in the turbine area in more detail. Nacelle & tower are designed as one single mesh to minimise the interpolation effort needed for the grid overlap. One of the rotating parts of the simulation overlapping with the stationary nacelle & tower mesh is the hub (Figure 3 ). Moreover, it is connected with the later described joint mesh. The rotation of the hub mesh is performed around the rotor axis and is periodic over one rotor revolution. The coordinate system defined in this way is the base for all other moving parts in the setup. In order to build a connection between blades and hub a joint mesh was defined. A slice through this mesh is shown in the top left corner of Figure 3 . This approach was chosen since a better mesh quality and a lower total amount of cells could be realised than meshing the joint together with the hub. For the generation of the blade mesh a script developed at the IAG [12, 20] is used. Emerging from a mesh convergence study, a blade mesh consisting of approx. 5.5 million cells was created and the blade treated as rigid. As boundary conditions for all surfaces a no-slip wall was applied and in the wall normal direction all meshes are refined close to the wall to fulfil the requirement of y + -values below one for the first grid layer. 
Inflow Data
The flow data used in the simulation were generated based on the data anemometer of the met mast at the test site. As modelling approach the model proposed by Mann [21] was chosen using the length scale L = 65m and a turbulence intensity T i of 10%. The data of the Mann box were generated in a precursor run. Within the simulation, at the inlet a mean velocity profile following the power law approach for neutral stratification (α = 0.14) with u ref as reference wind speed at the reference height z ref was defined applying a Dirichlet boundary condition as also used by Meister [22] :
Further downstream, this mean profile was overlayed with the turbulent fluctuations. Those were imposed at a transverse plane to the flow field using a body forces approach similar to Troldborg [23] :
The fluctuation vector is symbolised by ⃗ u, the grid spacing normal to the transverse plane by ∆n, the mean normal velocity by U n and the normal fluctuation component by u n .
Test Cases
In order to get a stepwise insight into the effects of terrain and inflow turbulence, different simulations have been performed (Table 2) . For all test cases a DES and a combination of the grids described above was used. In the first part of the investigations, the turbulent inflow was analysed in flat and complex terrain with the turbulent field defined as described above. The time step for this simulation was aligned with the resolution of the inflow data and therefore chosen to 0.2 s. For the flat terrain case named Case B a reference speed of 11 m /s at the hub height of 95 m was chosen. Resulting from pre-investigations the wind speed for the complex terrain case Case C was defined as 8 m /s at hub height. Evaluating the mean wind speed at the designated turbine position on the escarpment in hub height, the speed-up leads to a mean of approximately 11 m /s comparable to the wind speed in flat terrain. In both simulations, equation 1 was used to define the mean inflow profile.
In the second part of the studies, the turbine was added to the simulation and placed 1200 m downstream the inflow plane in the middle of the computational domain, meaning y = 0m and x = 1200m. The turbine chosen is a generic tilted 2.4 MW turbine with a hub height of 95 m and a rotor diameter of 109 m. It is designed to have a pitch angle of 4.4
○ , a rotor frequnecy of 12.81 1 /min and a tip speed ratio of 6.64 at rated wind speed of 11 m /s. For Case I, the turbine was simulated without atmospheric turbulence to get baseline data for the later normalisation. Case II equals Case B in its setup, except for the added wind turbine and was used to investigate the turbine performance under atmospheric inflow. In the most complex simulation, Case III, the turbine was studied in complex terrain under atmospheric inflow. The setup is equal to Case C with the wind turbine placed at the above described position. In total, about nine minutes were simulated for each case and the values of the last minute of each simulation taken for evaluation. The computational resources needed are about seven days on 3800 CPUs on Hazhel Hen (Cray XC40) of the High Performance Computing Centre Stuttgart for Case B and Case C and on 4600 CPUs for each other case. 
Results
As the scope of the test case is very wide, only some points of interest can be addressed in this section. Therefore, the focus will be on a study of the influence of the terrain on the inflow as well as on turbine loads and power under the different conditions given.
Analyses of Inflow Conditions
In this first part of the discussion, the attention shall be on the influence of complex terrain on the flow field and on estimations of the turbine performance. Figure 4 displays the normalised velocity of Case C extracted in a plane in constant height above ground. At the escarpment an increase of velocity is seen as it was expected and also seen in other publications for example by Bowen and Lindley [24] as well as by Emeis [11, 25] . At x ≈ 1000 m a significant increase of wind speed up to a factor of 1.4 at the designated turbine position is prompting. Following this, an increase of loads compared to a position in the upstream valley are forecasted as well as a higher possible power output. Similar observations have been made by Emeis [11] and Schulz et al. [1] . Taking this approximate speed-up factor and the inflow velocity of 8 m /s at hub height at the designated turbine position, a wind speed of about 11 m /s can be predicted. Looking closer at the designated turbine position the mean velocity profile and its standard deviation are plotted for Case B and C in Figure 5 . In the left picture the mean velocity profile of Case I is drawn as additional reference. Case B is following the slope of the reference well with some deviations at the ground and above 150 m. A fuller profile can be noticed for Case C as a consequence of the speed up. Nonetheless, in a height above 100 m this effect reduces drastically and the wind speed is up to 2 m /s less than in both other graphs. Resulting from those observations, higher loads close to the ground are forecasted for Case III, whereas in the upper rotor half the loads should be less than for Case II. Considering the standard deviation over the height, constant values around 1 m /s can be seen, whereas for Case C a reduction of the standard deviation is apparent up to a height of 50 m followed by constant values around 0.7 m /s. The flow is harmonized in longitudinal direction as a result of the streamtube narrowing similar to a nozzle. Less fluctuations of loads and power in Case III are expected than in Case II.
Interaction of Inflow, Terrain and Wind Turbine
In this section the estimations made previously shall be checked and some interesting points about the turbine performance highlighted. All loads and power data as well as the derived standard deviations displayed are normalised by the mean value over one revolution of Case I. For the improvement of readability the normalisation will not be mentioned in the text hereinafter. Figure 6 displays the phase averaged axial forces and power as well as their standard deviations vs the azimuthal angle. In all cases, the impact of the blade-tower-passage is clearly visible around 180 ○ azimuth. During the blade-tower-passage this drop in the blade load in Case II is less than in Case I. Nonetheless, the extend of the impact region is for both about 160 ○ to 200 ○ azimuth with a load decrease of about 0.12 percentage points in this section. At all other azimuthal angles a strong influence of the turbulent inflow can be seen. The loads of Case II are increased compared to Case I up to 0.08 percentage points around 90 ○ azimuth. A simultaneous increase can also be seen in the power in order of 0.08 percentage points. It is believed, that the increase in loads and power in Case II is caused by the fluctuations which contribute the instantaneous velocity. Power and axial force are proportional to the cubic respectively the square of the velocity. Having uniform fluctuations around the mean velocity a higher standard deviation leads to higher mean loads and power. This is because the contribution of positive amplitudes is stronger than of negative amplitudes resulting from the non-linear relation between the quantities. This statement is supported by the standard deviations for loads and power in Figure 6 which are approximately 0.1 over the whole azimuthal range, having a peak at the blade-tower-passage of up to 0.12. In both quantities, large standard deviations are apparent correlating well with the standard deviation seen for the undistributed flow field in Figure 5 . Overall, the power is increased even tough the mean velocity profile is nearly the same as in Case I. Mainly, the influence of the 120 ○ offset between the blades leads to a constantly high power with a barely visible blade-tower-passage (Figure 8 right) . The region between 250 ○ and 110 ○ shows much higher loads than in Case I. This contributes to the power output in this region in a positive way and leads to the observed power vs azimuth graph. Those results are confirmed in the spectra displayed in Figure 7 , showing a broadband increase of the loads and power of Case II in comparison to Case I. The influence of the applied boundary layer and its turbulence is obvious in the decay at higher frequencies following nicely a -5 /3 slope.
By adding complex terrain to the setup the situation gets more manifoldly. Going back to ○ to 200 ○ azimuth with a minimum approximately 0.05 percentage points higher than for Case II. The tower influence is reduced as the wind speed close to the ground in the lower rotor half is increased in comparison to Case II which can also be seen in Figure 5 . In the upper rotor half the situation turns around and the mean flow speed in Case III is less than for Case II, leading to a reduction of loads and power in this area. At 315 ○ azimuth the loads of Case III are approximately 0.12 percentage points less than in Case II. Moreover, the standard deviations for loads and power are reduced in comparison to Case II lying within the range from 0.04 to 0.1. For the phase averaged data this standard deviation describes the non-periodicity of the signal. Therefore, this observations correlate well with the results of the reduced standard deviation of the wind speed seen for Case C which means less stochastic fluctuations in the inflow. Overall, the reduced speed in the upper rotor half diminishes the effects in power seen for Case II and leads to a mean power similar to Case I. Studying the spectral analysis in Figure 7 , the effects of the terrain and turbulent inflow are again well visible. At a low frequency range the fluctuation amplitudes of Case III are below the ones of Case II for loads and power. In general, a broadband increase in the power spectrum in comparison to Case II can be noticed and a further smearing of the tower influence, which is for instance hardly visible at the first harmonic of the load spectrum. Again, both spectra represent a decay at higher frequencies following a -5 /3 slope and indicate a direct linkage to the turbulent inflow. In contrast to this, the effect of complex terrain is barely seen in the spectra. at the phase averaged values and spectra some results of the axial load and power time signal shall be compared to the inclination angle and the wind speed. Figure 8 displays the axial load and the power of Case I-III over time as thin lines and corresponding trend lines as fat lines. Figure 9 displays similar behaviour for the inclination angle and normalised wind speed for Case II and III. In the load signal of Case I, the expected periodic behaviour over time and in the power signal can be seen. Looking at Case II, strong fluctuations are apparent which were also contributing to the above described spectra and azimuthal load graphs as well as to the standard deviations. Those fluctuations diminish in Case III, again in correlation with the results obtained before. More interesting than those fluctuations are the trend lines for Case II and III. Case II shows up to eight seconds time a reduction of loads and power followed by an increase of both quantities up to 25 seconds which is slightly visible in the loads graph and strongly in the power graph of Figure 8 . Afterwards, both trend line graphs smoothly return to values around 1. Comparing this to the inclination and relative velocity time signal taken 50 m upstream the turbine in Figure 9 interesting correlations can be found. The dip in loads and power can be explained by the reduced wind speed and increased inclination angle during this time in the inflow. After this dip the wind speed increases again and the inclination angle reduces, resulting in an increase of loads and power. Also the power and load decrease after 25 seconds is apparent in the time signals by a reduction of the inclination angle towards negative magnitudes. In Case III in Figure 8 similar trend lines for loads and power are visible. As the power trend line is more prominent the focus shall be on that one. Up to about four seconds in time a strong dip in the power can be noticed in Figure 8 which correlates well with the inclination angle of about 19 ○ in the inflow at this time. Between eight and twelve seconds in time a peak in the power signal and a dip in the inclination angle signal can be detected. Further in time, similar observations can be made with the inclination angle signal always being anti-proportional to the power signal. The influence of the flow speed monitored seems to be recessive compared to the inclination angle. Even though this method uses just one point in the inflow, a good correlation can be achieved which might be used for future complex terrain forecasts as well. Overall, the impact of the inclination angle on loads and power was dominant over the monitored relative velocity.
Briefly investigating the influence of complex terrain on the wake of the turbine Figure 10 shall be taken into consideration. It displays the relative velocity in a plane extracted in constant height above ground. Upstream the turbine a slight reduction of the wind speed is detectable which is overlayed by the speed-up effect because of the terrain slope. The wind speed in this area is still larger than the reference value at the inflow of the computational domain. At both sides of the turbine, areas of increased speed are visible resulting from the blockage effect. The wake of the turbine develops asymmetrically towards negative y-values. Similar observations have been made by Schulz et al. [26, 27] during their yaw investigations for this turbine. They showed a slight asymmetry even under axial inflow. It is assumed that the deflection of the wake is caused by a mixture of the inclination and yaw angles leading to an uneven distribution of induction over one revolution and therefore a deflection of the wake. As a result of the blade advancing the wind the angle of attack is diminished while the relative velocity is increased on the side where the blade moves downwards. This increase of velocity can lead to a stronger induction over the blade and therefore a wake deflection. Further investigations into this phenomenon will be made in future studies, but as published by others [28] [29] [30] [31] the above reasons are likely to be central influence factors.
Summary
In this article results obtained from DES simulations of a wind turbine in complex terrain under realistic turbulent inflow conditions have been outlined. The boundary conditions and the meshing were described briefly before the test cases were introduced. At first, simulations of a turbulent atmospheric boundary layer in flat and complex terrain without turbine were performed, before the turbine was added to the setups. In the simulations with the turbine, the impact of terrain on the flow field was discussed based on velocity and standard deviation profiles. It was found, that the terrain leads to speed-up up to a height of 120 m above ground and reduces the standard deviation significantly. Furthermore, estimations on the later performance of a wind turbine were made for both setups. The general estimations could be reproduced in the turbine simulations. Increased loads in complex terrain close to the ground as a result from the fuller wind profile as well as a load decrease in the upper rotor half correlated well with the previous findings on the speed profiles. In flat terrain the fluctuations were found to be a reason for the increase of mean load and power as well as of their standard deviations. The reduced standard deviation of wind speed in the inflow was also visible in the load and power signals of the complex terrain turbine simulation. A look on the spectra of load and power showed that they are in line with the rest of the data. Comparisons of the power and load time signals with the inclination angle and wind speed at a monitor point upstream the turbine displayed a reasonable correlation between the inclination angle and loads as well as power. The inflow speed seemed to be recessive for the investigated cases. Regarding wake analysis just some short remarks were made showing a deflection of the wake resulting from the disturbed inflow by the complex terrain. Further investigations about this are still ongoing. Overall, reasonable ways of estimating turbine loads and power in atmospheric inflow and in complex terrain were presented and correlations between different quantities shown. In future tasks deeper investigations to develop reliable prediction models for wind turbines operating in complex environments have to be performed.
